In the monkey, 3 motor areas have been identified in the cortex occupying the banks of the cingulate sulcus (cgs): A rostral cingulate motor area and 2 caudal cingulate motor areas, 1 located in the dorsal bank and the other in the ventral bank of the sulcus. The homologs of these 3 cingulate motor areas in the human brain are poorly understood. The present functional magnetic resonance imaging study examined the anatomo-functional organization of the cingulate motor areas in the human brain. A subject by subject analysis revealed the existence of 3 motor areas along the cgs and these areas appear to be somatotopically organized. Importantly, these 3 motor areas relate to the specific morphological features of the cingulate/paracingulate cortex. These results demonstrate the location and organization of the 3 cingulate motor areas in the human brain and suggest a well-preserved organization of these motor areas from the monkey to the human brain.
Introduction
In the macaque monkey, 3 motor areas can be identified within the cingulate cortex: A rostral motor area (CMAr) located on both banks of the cingulate sulcus (cgs) and 2 caudal motor areas (CMAc), 1 located in the ventral bank (CMAv) and 1 in the dorsal bank (CMAd) of the cgs. These motor areas are located in the central part of the cgs, below and just in front of the medial extension of the primary somatomotor area and the supplementary motor area (SMA). Anatomical studies have shown direct connectivity of these motor areas with the ventral horn of the spinal cord, the primary motor cortex, and the premotor cortex (Hutchins et al. 1988; Dum and Strick 1991; Luppino et al. 1991; Shima et al. 1991; Morecraft and Van Hoesen 1992; Galea and Darian-Smith 1994; He et al. 1995; Dum and Strick 1996) . These 3 areas appear to be somatotopically organized and to contain forelimb, hindlimb (Luppino et al. 1991; Shima et al. 1991; Wang et al. 2001) , and face (Mitz and Godschalk 1989; Luppino et al. 1991; Morecraft et al. 1996; Wang et al. 2001) representations. Intracortical microstimulation has shown that CMAr contains a face, a hand, and a leg representation, that CMAv contains a hand and a leg representation, and that CMAd contains 2 arm representations and a leg representation (Luppino et al. 1991; Dum and Strick 1993) .
Only a few functional neuroimaging studies suggested the existence of human cingulate motor zones. In an early positron emission tomography study, Grafton et al. (1993) provided some evidence for 1 motor area in the ventral bank of the cgs, exhibiting finger representation anterior to the shoulder representation. In a functional magnetic resonance imaging (fMRI) study aimed at examining pain representation and using nonpainful and painful electric stimulation, Arienzo et al. (2006) have, indirectly, provided evidence of a motor representation of the wrist located more anteriorly than a representation of the malleolus in the anterior cingulate cortex. Picard and Strick, based on meta-analysis of various studies that involved movement and had activations in the cingulate region, suggested the existence of 3 cingulate motor regions in the human brain Strick 1996, 2001) . Thus, there is some evidence that more than 1 cingulate motor area may exist in the human brain, but a direct and detailed examination focused on uncovering their precise number and organization, and how these areas may relate to the complex sulcal/gyral morphology of the human cingulate region is lacking. It was hypothesized that there might be links between morphological variability and specific functional activations since such links have already been successfully described in both the dorsal premotor cortex (Amiez et al. 2006) and the inferior frontal junction (Derrfuss et al. 2012) .
The aim of the present functional neuroimaging study was 3-fold: 1) to shed light on the number of motor areas along the antero-posterior extent of the cgs in the human brain, 2) to examine whether specific motor areas relate to the variability of the sulcal anatomy in the cingulate region, and 3) to find out whether there is evidence for somatotopic organization of any human cingulate motor areas. Twelve human subjects were scanned with fMRI, while they performed hand, foot, mouth, and saccadic eye movements. Importantly, the data were analyzed on a subject by subject basis allowing us to examine the location of activation foci due to particular body movements in relation to particular aspects of the morphological anatomy of the cingulate region in individual subjects.
The results demonstrated that there are 3 motor areas along the antero-posterior extent of the human cgs, suggesting a well-preserved organization of the cingulate motor areas from the monkey to the human brain. A major finding is the discovery that these 3 motor areas relate to specific sulcal features of the cingulate/paracingulate cortical region in individual brains. Finally, there is clear evidence of somatotopic organization of these cingulate areas in the human brain, consistent with the macaque monkey data.
Material and Methods

Subjects
Twelve healthy volunteers (8 females and 4 males, mean age = 29 years ± 6.6 standard deviation) participated in this fMRI study. All volunteers were right handed. Informed written consent was obtained from all the participants according to the institutional guidelines established by the Ethics Committee of the Montreal Neurological Hospital and Institute.
Paradigms
To establish the locations of the different motor areas in the cgs, subjects performed hand, arm, foot, leg, mouth, tongue, eye blinking, and saccadic eye movements.
A sentence was presented on the screen for 1.5 s indicating to the subject the type of movement that they would have to perform in the trial (i.e. instruction period). After a delay varying from 4 to 6 s, a fixation point was presented for 5 s. The occurrence of this fixation point instructed the subject to perform the movement indicated in the instruction period, while maintaining eye fixation during the performance of the required movements. The disappearance of the fixation point 5 s later instructed the subject to stop performing the movement. The type of movement required was indicated as follows: The sentence "move your tongue" instructed the subjects to perform circular movements with their tongue without opening the mouth. The sentence "move your mouth" instructed the subjects to perform circular movements with their mouth with the mouth closed. The sentences "move your left hand" and "move your right hand" instructed the subjects to perform up and down small amplitude movements (maximum 20°) with their left or right hand straight, without moving the fingers and the wrist. The sentences "move your left arm" and "move your right arm" instructed the subjects to perform up and down small amplitude movements (maximum 10s°) with their left or right arm, keeping the arm, hand, and fingers straight. The sentences "move your left foot" and "move your right foot" instructed the subjects to perform up and down small amplitude movements (maximum 20°) with their left or right foot straight, without moving the toes and the ankle. The sentences "move your left leg" and "move your right leg" instructed the subjects to perform up and down small amplitude movements (maximum 10°) with their left or right leg, keeping the leg, foot, and toes straight. The sentence "do eye blinking" instructed the subjects to perform eye blinking movements. Note that the protocol was slightly different for the assessment of the eye fields since the subjects were asked to perform saccadic eye movements. In this case, the sentence "follow the dot: saccade" indicated to the subjects that, after the 4-6 s delay, they would have to perform a saccade to follow a dot presented in 1 of 3 possible locations on the screen (left, middle, or right), for 22.5 s. Each dot appeared for 750 ms at each location. This protocol has been described in detail in Amiez et al. (2006) and Amiez and Petrides (2009) . Finally, the control condition was instructed by the sentence "fixate on the dot" in which the subject had to maintain an ocular fixation on the dot presented in the center of the screen during 22.5 s. After the movements, an intertrial interval varying from 8 to 10 s was presented. The presentation of the stimuli was controlled with E-prime 1.2 (Psychology Software Tools Inc.).
Note that, once installed in the scanner and prior the beginning of the scanning, subjects were asked to perform the different hand, arm, foot, and leg movements to check that the amplitude of the arm/leg and hand/foot was <20°and 10°, respectively.
Contrasts
The brain regions exhibiting increased activity in relation to the performance of each type of movement were assessed by comparing the blood oxygen level-dependent (BOLD) signal during the performance of each type of movements with the ocular fixation trials. In the present article, we focused our analysis on the following contrasts: Saccadic eye movements versus ocular fixation, tongue movements versus ocular fixation, left or right hand movements versus ocular fixation, and left or right foot movements versus ocular fixation.
The cartography of the cingulate cortex in the right hemisphere was assessed with the contrasts saccadic eye movements versus ocular fixation, tongue movements versus ocular fixation, left hand movements versus ocular fixation, and left foot movements versus ocular fixation. The cartography of the cingulate cortex in the left hemisphere was assessed with the contrasts saccadic eye movements versus ocular fixation, tongue movements versus ocular fixation, right hand movements versus ocular fixation, and right foot movements versus ocular fixation.
MRI Acquisition
Scanning was performed on a 3-T Siemens Magnetom TrioTim MRI Scanner (Siemens AG, Erlangen, Germany). Subjects wore earplugs during the scanning. A vacuum cushion was installed under the subjects' head to avoid as much as possible the impact of limb movements onto the head. After a high-resolution T 1 anatomical scan (whole head, 1 mm³ isotropic resolution), 7-8 runs of 170 images each (30 horizontal T 2 * gradient echo-planar images (EPI), base resolution matrix = 128, voxel size = 2 × 2 × 2 mm, repetition time = 2.1 s, echo time = 30 ms, flip angle = 90°) sensitive to the BOLD signal were acquired. The field of view covered the medial wall. Visual stimuli were presented through an LCD projector with a mirror. Each subject was required to complete 5 (1 subject), 6 (3 subjects), or 7 (8 subjects) runs of fMRI data collection during the scanning session, each one lasting approximately 7 min. In each run, all the subjects performed the following blocks of trials presented randomly in successive fMRI runs: 22. The presentation of each instruction sentence was synchronized with the scanner acquisition via a trigger signal generated by the scanner.
Data Analysis
Preprocessing and data analysis were performed with Statistical Parametric Mapping software (SPM8B; Wellcome Department of Cognitive Neurology, University of College London, London, United Kingdom; http://www.fil.ion.ucl.ac.uk/spm) and Matlab 7.9 (www.mathworks. com).
First, the first 3 volumes of each run were removed to allow for T 1 equilibrium effects. We applied a slice-timing correction using the time center of the volume as reference. Then, head motion correction was applied using rigid-body realignment. These realignment parameters were used as covariates during the statistical analysis to model out potential nonlinear head motion artifacts. Functional and morphological images were spatially normalized into standard MNI space using SPM's default templates. Finally, functional images were smoothed using a 6-mm full-width half maximum Gaussian kernel (Friston, Firth, Frackowiak et al. 1995; Friston, Firth, Turner et al. 1995; Friston, Holmes et al. 1995) . A 128-s temporal "high-pass filter" regressor set was included in the design matrix to exclude lowfrequency confounds.
Each trial was modeled with impulse regressors at the time of the presentation of the fixation point instructing the performance of the left/right hand movements, left/right arm movements, left/right foot movements, left/right leg movements, tongue movements, saccadic eye movements, eye blinking movements, or ocular fixation. These regressors were then convolved with the canonical hemodynamic response function and entered into a general linear model (GLM) of each subject's fMRI data. The 6 scan-to-scan motion parameters produced during realignment were included as additional regressors in the GLM to account for residual effects of subject movement.
The contrasts were thresholded using the minimum given by a Bonferroni correction and random field theory to account for multiple comparisons. The significance was assessed on the basis of the spatial extent of consecutive voxels. Concerning the group analysis, for a single voxel in an exploratory search involving all peaks within an estimated gray matter of 600 cm³ covered by the slices, the threshold for reporting a peak as significant (P < 0.05) was t = 6.23 if the peaks were predicted. In addition, a cluster volume extent >196.86 mm³ with a t-value >3 was significant (P < 0.05) corrected for multiple comparisons using the method of Friston, Holmes et al. (1995) ; volume of the SMA = 3.58 cm 3 in the right hemisphere and 4.22 m 3 in the left hemisphere, Makris et al. 2006) . In this ROI, the threshold for reporting a peak as significant (P < 0.05) was t = 4.050 (right hemisphere) and t = 4.066 (left hemisphere) if the peaks were predicted. In addition, in this ROI, a predicted cluster of voxels with a t-value >2 and with a volume extent >264.07 mm 3 (right hemisphere) and 270.40 mm 3 (left hemisphere) was significant (P < 0.05), corrected for multiple comparisons using the method of Friston, Holmes et al. (1995) .
Results
Morphological Features of the Cingulate/Paracingulate Region in the Participants
In the monkey, the cgs is a long simple sulcus that proceeds from the anterior part of the corpus callosum all the way posteriorly. In the human brain, the cgs is more complex and is frequently divided into several antero-posterior segments. In addition, in the medial frontal lobe, an additional cgs often appears, which is referred to as the paracgs ( pcgs) (Vogt et al. 1995; Vogt et al. 2005; Fornito et al. 2008) . Three vertical paracingulate sulci joining either the cgs or the pcgs can be distinguished. The most posterior of these sulci is the paracentral sulcus ( pacs), followed by the pre-paracentral sulcus ( prpacs), and then the vertical pcgs (vpcgs), which is the most anterior.
Eleven of our subjects display only a cgs at least in 1 hemisphere (with S3, S4, S5, S9, and S12 exhibiting a cgs bilaterally) and 7 of them (S1, S2, S6, S7, S8, S10, and S11) display a pcgs at least in 1 hemisphere (with S2 exhibiting a pcgs bilaterally; Table 1 for a complete description of the anatomical characteristics of the cgs and pcgs in individual subjects). Thus, a pcgs was observed in at least 1 hemisphere in 58% of subjects, in agreement with the literature Fornito et al. 2008; Buda et al., 2011) .
Assessment of Motion Artifacts
Although the 6 scan-to-scan motion parameters produced during realignment were included as additional regressors in the GLM to account for residual effects of subject movement, we assessed in detail the impact of the small amplitude limb movements onto the EPI images in each functional run. Data show that average translation (±standard deviation) in our Cgs Not Note: As in previous studies, the paracingulate sulcus was classified as present when there was a clear identifiable sulcus running dorsal and parallel to the cgs for 3 consecutive sagittal slices and was at least 20 mm in length (Fornito et al. 2008) . Abbreviations: cgs, cingulate sulcus; pcgs, paracingulate sulcus. 12 subjects in the x, y, and z directions were, respectively, 0.2843 ± 0.1210 mm (with a minimum value = −0.1448 ± 0.1035 and a maximum value = 0.1395 ± 0.1030), 0.3479 mm ± 0.1459 mm (with a minimum value = −0.2442 ± 0.1309 and a maximum value = 0.1037 ± 0.1242), and 0.9852 ± 0.5381 mm (with a minimum value = −0.3928 ± 0.3386 and a maximum value = 0.5924 ± 0.4633). The average pitch, roll, and yaw rotation (±standard deviation) were, respectively, 0.0118 ± 0.0099°(with a minimum value = −0.0058 ± 0.0049 and a maximum value = 0.0060 ± 0.0099), 0.0073 ± 0.0032°( with a minimum value = −0.0045 ± 0.0038 and a maximum value = 0.0028 ± 0.0021), and 0.0062 ± 0.0037°(with a minimum value = −0.0037 ± 0.0033 and a maximum value = 0.0026 ± 0.0024). These values are within the acceptable range and, therefore, strongly suggest that the limb movements did not impact onto the EPI images. Therefore, the location of the cingulate motor areas described below cannot be displaced by limb movements. Figure 1 . Location of the activation foci for eye (red), tongue (yellow), hand (green), and foot (blue) movements in the cingulate motor region (left panels) and the SMA/SEF (right panels) in 2 typical subjects. In A (case 1), the subject (S4) displays only a cgs in the left hemisphere, and in B (case 2), the subject (S2) displays a pcgs in the left hemisphere. Motor regions are projected on sagittal sections, at the mediolateral levels X = −6 and X = −3 (L hemisphere) in A, and X = −6 and X = −2 (L hemisphere) in B.
The antero-posterior (y) and dorso-ventral (z) coordinates in the Montreal Neurological Institute (MNI) standard stereotaxic space are indicated in red. The color dots represent the location of the highest t-values observed in the contrasts "saccadic eye movements versus ocular fixation trials" (red), "tongue movements versus ocular fixation trials" (yellow), "hand movements versus ocular fixation trials" (green), and "foot movements versus ocular fixation trials" (blue). The posterior, middle, and anterior clusters are circled in purple, dark pink, and light pink, respectively. The SMA/SEF cluster is coded in blue. For each subject, the 4 raw functional maps are displayed. The color scale represents the range of t-values. Abbreviations: cgs, cingulate sulcus; pcgs, paracingulate sulcus; pacs, paracentral sulcus; prpacs, pre-paracentral sulcus; vpcgs, vertical paracingulate sulcus; cs, central sulcus; meps, medial paracentral sulcus.
Anatomo-Functional Organization of the Motor Areas in the Medial Frontal Lobe
We first performed a multisubject analysis. This analysis bilaterally revealed the existence of 2 saccadic eye movement regions, 2 tongue movement regions, 3 foot movement regions, and 4 hand movement regions within the cingulate cortex. In addition, increased activity was bilaterally observed in the supplementary motor cortex for all types of movement Figure 2 . Dispersion of the eye, tongue, hand, and foot foci of the cingulate and SMA/SEF based on individual subject analysis in the hemispheres without a paracingulate sulcus. The eye (red), tongue (yellow), hand (green), and foot (blue) foci in the cingulate and supplementary motor regions in the right (A) and left (B) hemispheres of subjects exhibiting no pcgs (right hemisphere: S1, S3-S6, S8-S12); left hemisphere: S3-S5, S7, S9, S12). Each dot corresponds to the location of the highest t-value observed in each subject during the performance of saccadic eye, tongue, foot, and hand movements in the cingulate cortex (see Tables 3-6 , for a complete description of the increased activities observed during saccadic eye, tongue, foot, and hand movements, respectively) and in the SMA/SEF (see Tables 7-10 , for a complete description of the increased activities observed during saccadic eye, tongue, foot, and hand movements, respectively). Increased activities are shown on sagittal sections on the average anatomical brain of subjects showing no pcgs in the right (A) and the left (B) hemispheres. The antero-posterior (y) and dorso-ventral (z) coordinates in the MNI standard stereotaxic space are indicated in red. Abbreviations: cgs, cingulate sulcus; pacs, paracentral sulcus; prpacs, pre-paracentral sulcus; vpcgs, vertical paracingulate sulcus; cs, central sulcus; meps, medial paracentral sulcus.
( Table 2 ). It should be emphasized that the above group results establish, statistically, the existence of multiple motor areas in the cingulate region, but do not provide any information about the relationship between these motor regions and specific morphological features of the cingulate cortex. As pointed out above, the cingulate region of the human brain is complex, including segments and considerable intersubject variability. Only a subject by subject analysis allows Figure 3 . Dispersion of the eye, tongue, hand, and foot foci of the cingulate and SMA/SEF based on individual subject analysis in the hemispheres exhibiting a paracingulate sulcus. The eye (red), tongue (yellow), hand (green), and foot (blue) foci in the cingulate and supplementary motor regions in the right (A) and left (B) hemispheres of subjects exhibiting a pcgs (right hemisphere: S2, S7; left hemisphere: S1-S2, S6, S8, S10-S11). Each color dot corresponds to the location of the highest t-value observed in each subject during the performance of the different movements in the cingulate cortex (see Tables 3-6 , for a complete description of the increased activities observed during saccadic eye, tongue, foot, and hand movements, respectively) and in the SMA/SEF (see Tables 7-10 , for a complete description of the increased activities observed during saccadic eye, tongue, foot, and hand movements, respectively). Increased activities are shown on sagittal sections on the average anatomical brain of subjects showing a pcgs in the right (A) and left (B) hemispheres. The antero-posterior (y) and dorso-ventral (z) coordinates in the MNI standard stereotaxic space are indicated in red. Abbreviations: cgs, cingulate sulcus; pcgs, paracingulate sulcus; pacs, paracentral sulcus; prpacs, pre-paracentral sulcus; vpcgs, vertical paracingulate sulcus; cs, central sulcus; meps, medial paracentral sulcus.
examination of the details of the anatomo-functional relationships. We therefore proceeded to examine the relationships between sulcal and gyral variability in the ROI and the activation foci in both hemispheres on an individual subject by subject basis. We therefore assessed in total 24 hemispheres.
The single-subject analysis demonstrated, in both hemispheres, the existence of 3 cingulate motor clusters and 1 supplementary motor cluster. Specifically, an anterior cluster of cingulate motor activation foci (i.e. hand, foot, tongue, and saccadic eye movements) was located at the intersection of the cgs/pcgs and vpcgs (Fig. 1) . A middle cluster of cingulate motor activation foci (i.e. hand, foot, tongue, and saccadic eye movements) was located at the intersection of the cgs/ pcgs and prpacs (Fig. 1) . Finally, a posterior cluster of cingulate motor activation foci was located in the cgs, extending from the level of cs to pacs. In this posterior cluster, 2 motor hand foci and 1 foot focus were represented (Fig. 1) . Importantly, the location of both the saccadic eye and tongue movement cingulate regions depended on whether a pcgs was present (Fig. 1A vs. B, Fig. 2 vs. Fig. 3, Fig. 4 , Tables 3-6). Specifically, these 2 regions were located within the pcgs when present, and in the cgs when no pcgs was observed. By contrast, the hand and foot movements regions of the 3 motor clusters were systematically located in the cgs. As shown in Figs 2 and 3 which show the increased activity of each type of movement in each individual subject in both hemispheres, the different cingulate motor regions can be clearly dissociated from each other. Note that these motor regions can be consistently separated within subjects (Tables 3-6) . Importantly, all these regions can be dissociated from activations on the dorsalmost part of the medial hemispheric surface, that is, the supplementary motor region, all located in front of the medial precentral sulcus (Figs 1-4 and Tables 7-10 for a complete description of all the increased activation foci in the supplementary motor region).
As shown in Figure 4 , in the anterior cingulate motor cluster and bilaterally, we observed in an anterior-to-posterior direction: The saccadic eye movement motor region, the tongue motor region, the foot motor region, and finally the hand motor region. In the middle cingulate motor cluster, we observed in both hemispheres and in an anterior-to-posterior direction: The saccadic eye movement motor region, the tongue motor region, the hand motor region, and the foot motor region. Finally, in the posterior cingulate motor cluster, we observed in an anterior-to-posterior direction, the hand motor, then the foot motor focus, and finally another hand motor activation focus. Figure 5 compares the cingulate motor areas observed in the human in the present investigation with those reported in the monkey.
Discussion
The present study demonstrated the existence of 3 clusters of motor activation foci within the cingulate/paracingulate sulcal region in the human brain. Importantly, these 3 cingulate motor clusters can be clearly dissociated from the cluster of activation foci in the supplementary motor region, which is more dorsally located on the medial surface of the hemisphere (Figs 1-3) . The other major contribution of the present study is the demonstration that the location of these 3 cingulate motor clusters relates to specific morphological features of the cingulate/paracingulate sulcal region. It also provides clear evidence that these motor regions are somatotopically organized.
The demonstration of 3 motor clusters within mid-cingulate region of the human brain is consistent with the hypothesis of Picard and Strick that 3 cingulate motor regions may exist in the human brain Strick 1996, 2001 ). These authors suggested that the human anterior rostral cingulate zone (RCZa) may be the homolog of monkey CMAr, a region involved in higher order aspects of motor behavior. Our anterior cluster of motor activations at the rostral part of the cingulate region, above the genu of the corpus callosum (Figs 2-4), is consistent with an anterior cingulate motor zone Figure 4 . Organization of the eye, tongue, hand, and foot regions of the cingulate and SMA/SEF in the hemispheres exhibiting a cingulate sulcus (A) and a paracingulate sulcus (B): Group analysis. Each color dot corresponds to the average MNI coordinates of the highest t-value observed during the performance of saccadic eye (red), tongue (yellow), foot (blue), and hand (green) movements in the cingulate cortex and in the SMA/SEF in the hemispheres without pcgs (A) and in the hemispheres displaying a pcgs (B). These average MNI coordinates are presented on a typical hemisphere (i.e. left hemisphere of S4) without a pcgs (left panel) and on a typical hemisphere (i.e. left hemisphere of S1) with a pcgs (right panel). The average coordinates are described in Tables 3-10 . Abbreviations: cgs, cingulate sulcus; pcgs, paracingulate sulcus; pacs, paracentral sulcus; prpacs, pre-paracentral sulcus; vpcgs, vertical paracingulate sulcus; cs, central sulcus; meps, medial paracentral sulcus.
in the human brain. The other 2 cingulate motor zones proposed by Strick (1996, 2001 ) were a posterior rostral cingulate zone (RCZp) and a caudal cingulate zone (CCZ). They tentatively proposed that the RCZp might correspond to monkey CMAv and that the CCZ may correspond to CMAd Strick 1996, 2003) . Our middle and posterior clusters are likely to correspond, respectively, to the RCZp and CCZ. This hypothesis is also supported by a recent study showing distinct probabilistic connectivity profiles of 9 regions of the cingulate cortex with magnetic diffusion tractography (Beckmann et al. 2009 ). Our 3 clusters correspond well to clusters 4, 5, and 6 in this diffusion tractography Note: The light gray lines indicate the subjects exhibiting a pcgs. The presence of a pcgs at the y level of the increased activity is noted (see Table 1 for the description of the morphology of the cgs and pcgs in individual brains). Note that, in the left hemisphere of S6, the anterior CEF is located in the cgs despite the presence of a pcgs. The increased activity observed in the anterior CEF in the left hemisphere of S3 is not statistically significant. However, it is unlikely to be a false-positive peak given that the corresponding increased activity in the opposite hemisphere is statistically significant.
study, which appeared to have motor function as shown by probabilistic interconnections with motor structures, such as the dorsal striatum, the premotor cortex, and the precentral cortex. Importantly, these cingulate motor areas could be clearly dissociated from activation foci in the SMA. Note that we did not observe increased activity within the pre-SMA during the performance of the simple movements required. The available evidence suggests that the pre-SMA is involved in self-generated actions, rather than in actions instructed by external cues in the environment such as the ones that our subjects had to perform in the present experiment (see Nachev et al. 2008 for review). Note: The light gray lines indicate the subjects exhibiting a pcgs. The presence of a pcgs at the y level of the increased activity is noted (see Table 1 for the description of the morphology of the cgs and pcgs in individual brains). Note that, in the left hemisphere of S6, the anterior CEF is located in the cgs despite the presence of a pcgs. The increased activity observed in the anterior tongue movement region in the left hemisphere of S5 is no statistically significant. However, it is unlikely a false positive given that the corresponding increased activity in the opposite hemisphere is statistically significant. An important discovery of the present investigation is that the location of the cingulate motor regions in the human brain relates to specific morphological features of the cingulate/paracingulate sulcal complex. The posterior cluster of motor foci was located within the cgs immediately below the paracentral lobule and extending anteriorly as far as the pacs (i.e. where the paracentral lobule ends) and contains 2 hand and 1 foot representation. The middle cluster of motor activations was observed within the cgs close to the intersection of cgs/pcgs and the prpacs (i.e. anterior to the paracentral lobule at the level of the supplementary motor cortex). Finally, the anterior motor cluster was located in individual subjects at the intersection between cgs/pcgs and vpcgs. Note that the hand and foot activity for the middle and anterior clusters was consistently located within the cgs, but the saccadic and tongue movement activity lay in the pcgs if it extended caudally to this region (Figs 2-4) . Both clusters include a saccadic eye movement region located anterior and dorsal to the tongue region, itself located anterior to the hand and foot representations.
Although the available evidence concerning the existence of representation of eye movements in the cingulate motor regions, in both the monkey and the human brains, is weak, it provides indirect support to the present results that demonstrated 2 cingulate eye fields. In the human brain, Paus et al. (1993) reported 2 regions of the cgs in which activity was related to the performance of an oculomotor conditional task. In the monkey, a connectivity study by Wang et al. (2004) reported 2 cingulate regions interconnected with the frontal eye field. The first one, the rostral cingulate eye field, was located anterior to the forelimb movement region within the CMAr. The second one, the caudal cingulate eye field, was located adjacent to the forelimb movement region within the CMAc. Furthermore, in a (14C)-2-deoxyglucose functional imaging study in the monkey, Moschovakis et al. (2004) have reported 2 regions within the anterior cingulate cortex that are related to extraocular motoneurons.
Representations of the hand and foot have been reported in each one of the CMAr, CMAv, and CMAd regions in monkeys Strick 1991, 1993; He et al. 1995) . In the present study, we show the existence of 1 foot representation in each of the 3 motor zones, and the existence of 2 hand representations in the posterior zone and 1 hand representation in the middle and anterior zones. Our observation that the posterior zone contains 2 hand representations and that the middle and anterior zones contain 1 hand representation is consistent with intracortical microstimulation studies in the monkey, showing that the CMAd (the putative homolog of our posterior zone) contains 2 arm representations and that both CMAv (the putative homolog of our middle zone) and CMAr (the putative homolog of our anterior zone) contain 1 arm representation (Luppino et al. 1991; Dum and Strick 1993) . In addition, the investigations in the monkey reported a leg region in each one of the motor areas, located adjacent to the arm representations; the latter finding being consistent with our results in the human brain. Importantly, the observation that the human homolog of the monkey CMAd contains, as in the macaque monkey, 2 arm representations could not be demonstrated in the meta-analysis by Picard and Strick (1996) and in the diffusion-weighted imaging study by Beckmann et al. (2009) . This result provides strong evidence that this part of the human brain resembles the CMAd of other primates.
Concerning the existence of representations of the face (mouth/tongue) in the cingulate motor areas, the only pertinent information comes, indirectly, from speech production activation foci in the cingulate region of the brain. Paus et al. (1993) , in a positron emission tomography study using cognitive tasks with different motor outputs, such as hand movements, speech production, and saccadic eye movements, showed that the location of activation foci within the cingulate cortex during the performance of these tasks differed, depending of the type of motor output. There were 2 hand response-related foci, 1 located posterior, and 1 anterior to the anterior commissure, as well as 2 speech-related foci (1 anterior and 1 posterior) and 2 saccadic eye movement foci (1 anterior and 1 posterior), both located at similar locations and anterior to the anterior commissure. The most posterior The light gray lines indicate the subjects exhibiting a pcgs. The presence of a pcgs at the y level of the increased activity is noted (see Table 1 for the description of the morphology of the cgs and pcgs in individual brains). speech and saccadic eye regions were located immediately anterior to the anterior hand region. The most anterior speech and saccadic eye regions were located in front of the genu of the corpus callosum (Paus et al. 1998; Koski and Paus 2000; Paus 2001 ). Based on the reported standard stereotaxic coordinates, the posterior region related to hand movement output in the Paus et al. study appears to fall within our posterior motor area, while the anterior hand response foci and posterior speech/saccadic eye movement foci fall within our middle cingulate motor cluster. Note, however, that the most anterior speech/saccadic eye movement-related activity reported in the Paus et al. study falls clearly anterior to our anterior cluster. Our cluster is located just posterior to the genu of the corpus callosum, probably in area 24c′, and not in the pure area 24c. This difference should not be surprising because the conflict cognitive tasks would be expected to reveal cognitive activity that is not necessarily related to motor output (Pardo et al. 1990; MacDonald et al. 2000) . Interestingly, in the monkey, area 24c is likely to contain a face motor cluster as the electrical stimulation of the perigenual aspect of areas 24c and 32 in monkey elicits vocalization (for review, see Jurgens 2009). Secondly, Chassagnon et al. (2008) have shown that the electrical stimulation of some sites within the cgs elicited speech arrest in epileptic patients undergoing brain surgery. These sites were located anterior to the representation of the leg and arm. Altogether, these results reinforce our data showing that, in the middle (RCZp) and anterior cluster (RCZa), the saccade and tongue motor areas are located anterior to the foot and hand motor areas. Finally, in their neuroimaging meta-analysis study, Picard and Strick (1996) concluded that, whereas within both the RCZa and RCZp, a face area might Note: The light gray lines indicate the subjects exhibiting a pcgs. The presence of a pcgs at the y level of the increased activity is noted (see Table 1 for the description of the morphology of the cgs and pcgs in individual brains). Average y Average z Average in both hemispheres Cgs 5.1 ± 3.1 −7.1 ± 6.7 68.5 ± 7.7 Pcgs 3.8 ± 1.7 −6.0 ± 10.3 69.5 ± 5.4
Note: The light gray lines indicate the subjects exhibiting a pcgs. be located anterior to an arm motor area, only an arm area appeared to lie in the CCZ. Our data are consistent with these indirect observations as we observed no saccade and tongue motor areas in our most caudal cingulate motor cluster ( probably, the CCZ). The present functional neuroimaging results indicate a comparable organization of the cingulate motor areas between the human and the nonhuman primate brain (Fig. 5) . The tripartite organization of the cingulate motor areas appears to be a general feature of cingulate organization in primates and has also been observed in prosimians, such as bushbabies (Wu et al. 2000) , suggesting that the human cingulate organization is conforming to a phylogenetically old pattern.
The present results raise one critical question that must be resolved: How do the cingulate regions involved in various high-level cognitive processes relate to the cingulate motor maps demonstrated in the present study, and in particular, the more anterior cingulate motor area (i.e. RCZa)? In a recent experiment, we showed that a cingulate region located slightly more anterior to the RCZa, but overlapping partly with it, was involved in the analysis of visual behavioral feedback in exploratory situations (Amiez et al. 2012) . At the present time, it is unclear how feedback-related activations reported in the anterior cingulate region relate to the cingulate motor areas and ongoing experiments aim to test these relationships.
Notes
